STUDY QUESTION: Does the addition of anti-Müllerian hormone (AMH) to a conventional dosage regimen, including age, antral follicle count (AFC) and BMI, improve the rate of targeted ovarian response, defined as 5-12 oocytes after IVF?
Introduction
It is well known that controlled ovarian hyperstimulation (COH) in connection with IVF is sometimes associated with poor ovarian response, resulting in low pregnancy and live birth rates or leading to cycle cancellations but also associated with excessive ovarian response, causing an increased risk of ovarian hyperstimulation syndrome (OHSS) (van der Gaast et al., 2006; Sunkara et al., 2011; Ji et al., 2013; Steward et al., 2014) .
In COH, it is thus important to optimize the number of oocytes. In addition to OHSS, excessive response has been associated with a negative impact on embryo quality (Baart et al., 2007) and endometrial receptivity (Valbuena et al., 1999) .
The optimal number of oocytes for live birth has been found to be between 5-and 15 oocytes (van der Gaast et al., 2006; McAvey et al., 2011; Ji et al., 2013) . We chose 5-12 oocytes as a balance between efficacy and safety when deciding about number of optimal oocytes retrieved (Chen et al., 2015) .
Initially, factors for the prediction of ovarian response after COH, and identified in observational studies, included antral follicle count (AFC), total ovarian volume, Doppler score, age and smoking (Popovic-Todorovic et al., 2003a) and, in another study, FSH, BMI, age and AFC (Howles et al., 2006) . These predictors have been used to create algorithms and have been tested in randomized controlled trials (RCT) (Popovic-Todorovic et al., 2003b; Olivennes et al., 2015) . Popovic-Todorovic et al. found that an individualised dosage algorithm, compared with a standard dose, resulted in a more optimal ovarian response. In the trial by Olivennes et al., the dosage algorithm compared with a standard dose, resulted in significantly fewer oocytes while the rates of poor and excessive ovarian response, did not differ significantly.
Subsequent studies have focused on anti-Müllerian hormone (AMH) and AFC as predictors of ovarian response during COH and a strong correlation between the two biomarkers has been described (Brodin et al., 2015) . It is now well-established from numerous observational studies (Nelson et al., 2007 (Nelson et al., , 2009 Brodin et al., 2015) and systematic reviews (La Marca et al., 2010; Broer et al., 2013; La Marca and Sunkara, 2014; Iliodromiti et al., 2015) that both AMH and AFC are good predictors of ovarian response.
Despite this very strong support for AMH as a predictor of ovarian response, no RCT evaluating AMH for individualised hormonal stimulation in unselected patients, in order to obtain an optimal ovarian response, have been published.
The aim of this RCT was to investigate whether the addition of AMH to a conventional dosage regimen, including AFC, age and BMI, would increase the number of patients receiving the targeted number of oocytes retrieved during IVF and thereby reduce poor and excessive response. In addition, we wanted to compare live birth rates.
Materials and Methods

Patients
This was a prospective, randomized, controlled, single-centre study conducted at the Department of Reproductive Medicine, Sahlgrenska University Hospital, Gothenburg, Sweden. Patients were recruited between January 2013 and May 2016. The study was approved by the regional ethics committee at Gothenburg University and all patients signed informed consent.
The inclusion criteria were women aged >18 and <40 years, with a BMI above 18.0 and below 35.0 kg/m 2 , having their first standard IVF planned and AMH not previously measured, thus representing the general patient population at our university hospital clinic. The exclusion criteria were male factor infertility where ICSI was planned, cycles planned for oocyte donation or PGD. Only one cycle per patient was included.
Procedures
From infertile women, agreeing to participate and signing informed consent, a blood sample for AMH was taken and immediately stored at −70°C.
Patients were downregulated with a GnRH agonist (Suprecur, Sanofi AB, France) in a long protocol (estradiol (E2) <200 pmol/L).
On Day 2-4 of menstrual bleeding, and after downregulation was achieved, a vaginal sonography was performed to estimate AFC using a standardized method for assessing AFC, suggested by Broekmans (Broekmans et al., 2010) , using a GE Voluson Logic P six sonograph with an E eight CS vaginal probe. AFC was defined as the total number of follicles 2-10 mm in both ovaries. In order to minimize inter-observer variation, only two physicians participated in the AFC procedure (Å.M. and A.T.K.). On the same visit, patients were randomized to one of two treatment groups by the study nurse; either a dose-decision algorithm group, including age, BMI, AFC and serum AMH (AMH group), or a conventional dose-decision algorithm group, including only age, BMI and AFC (non-AMH group). Randomization was performed with a computerized randomization program with concealed allocation of patients and in the proportions of 1:1. Optimal allocation was applied according to Pocock's minimization technique for sequential randomization (Pocock, 1983) , taking account of the age of the woman, duration of infertility, parity, polycystic ovary syndrome, smoking, BMI and AFC. The study was blinded to patients, physicians managing patients during IVF treatment and the statistician. For practical reasons, the two physicians performing the AFC estimations were unblinded to the starting dose of recombinant FSH (rFSH).
If the patient was randomized to the AMH group, her blood sample was thawed and analysed for AMH using the Beckman Coulter AMH Gen II ELISA (Chaska, MN, USA). In late June 2013, Beckman Coulter announced that the assay might not be reliable due to complement interference. By then, blood samples of 26 patients had been analysed. Since complement interference appears to be a problem in serum samples stored at room temperature but not in frozen samples (Welsh et al., 2014) , we regarded the AMH values of these first 26 samples as reliable. Later in 2013, a new modified Beckman Coulter Gen II ELISA, where the complement interference was eliminated, was released and considered stable. This modified assay was used for all the other patients in the study. The total coefficient of variance (total CV) for serum AMH was 10.6% at the level of 2.6 ng/ mL, 4.9% at the level of 4.9 ng/mL and 10.2% at the level of 8 ng/mL. The lower limit of quantification was 0.2 ng/mL.
A large cohort study (Nelson et al., 2009) suggested that the level of AMH in serum can be used to classify infertile women having COH and IVF into three different categories, high responders, normo-responders and low responders. We used these categories, after translation from Diagnostic Systems Laboratories (Nelson and La Marca, 2011; Wallace et al., 2011) , as part of an algorithm for an individualised dosage regimen of rFSH. The reference intervals for the categories were revised for the modified Beckman Coulter Gen II assay (personal communication Professor Richard Fleming).
Patients were stimulated with an rFSH ((Gonal-F, Merck, Germany) or (Puregon, MSD, USA)) starting dose of 75, 100, 150, 225 or 300 IU, according to the algorithm and used for the non-AMH group and the AMH group assessed as having normal AMH values (1.55-2.95 ng/mL). For the group having high AMH (>2.95 ng/mL), the rFSH was decreased by one step and, for the group having low (<1.55 ng/mL), the dose was increased one step (Supplementary Table SI ). The lowest starting dose was 75 IE and the highest 300 IE.
Hormonal stimulation was monitored by E2 and vaginal sonography. Dose adjustment was allowed at the earliest on Day 7 and only in predefined steps and if E2 on stimulation day six was either <350 or >1.500 pmol/L. These cut-off limits were arbitrarily chosen from clinical experience.
Vaginal sonography was performed on stimulation Day 9-11 and the number of follicles of ≥11 mm was recorded. Further dose adjustment was made if >15 follicles of >11 mm were observed. Coasting was allowed if the physician considered there to be a high risk of OHSS. Ovulation was triggered by 6500 IE recombinant human chorion gonadotrophin (Ovitrelle, Merck), when ≥2 follicles of ≥17 mm were detected at ultrasound. Oocyte retrieval, fertilization and culture followed standard techniques. In case of a low sperm count ICSI was allowed.
Single embryo transfer (SET) was performed on Day 2 or 3. In the event of no good-quality embryos, double-embryo transfer was allowed. Luteal phase support with vaginally administered progesterone (Lutinus, Ferring, Switzerland) was given from the day of oocyte retrieval and for 15 days until a pregnancy test (urinary hCG).
In the event of impending OHSS, where a decision was made to cryopreserve all embryos, the outcome of the first transfer of a cryopreserved embryo was included in the study.
For patients achieving a pregnancy, a vaginal sonography was performed in pregnancy Week 7-8. A live birth was defined as a delivery with at least one live-born child regardless of gestational age.
The patients were asked to contact the IVF unit at any time after oocyte retrieval if they experienced subjective symptoms of OHSS. Classification of OHSS was done according to Navot et al. (1992) and Golan et al. (1989) , using strict criteria for moderate and severe OHSS.
The primary outcome of the trial was the number of patients achieving the targeted number of oocytes, defined as 5-12 oocytes. Secondary outcomes included the number of patients with a poor and excessive response (<5 oocytes and >12 oocytes, respectively), cancellation rate due to poor or excessive ovarian response, number of patients with moderate and severe OHSS, number of patients with OHSS-prevention strategies (coasting, cryopreservation of all embryos), number of good-quality embryos, number of cryopreserved embryos, total dose of gonadotrophins, pregnancies and live births.
Statistical analysis and calculation of sample size
An analysis at Sahlgrenska University Hospital of all IVF cycles in 2010-2011 revealed that, in 63% of the cycles, 5-12 oocytes were obtained, in 16% <5 oocytes and in 21% >12 oocytes were obtained at oocyte retrieval. We calculated that 138 patients per group would be required to detect a 15% increase (from 65 to 80%) in patients receiving the targeted number of oocytes with two-sided Fisher's exact test with a power of 80% and significance level 5%. We aimed to recruit 150 patients per group.
The main analyses were performed on the Full Analyses Set (FAS) and complementary analyses were performed on the Per Protocol (PP) set. The FAS consisted of all randomized patients who had at least one followup variable (Fig. 1) . The patient was evaluated in the group to which she was randomized, regardless of the treatment she received, or whether or not she completed the intervention. A PP analysis, taking the actual treatment given and the compliance with intervention into consideration, was also performed. The PP population consisted of all randomized subjects who completed the study according to pre-defined rules.
The main analyses between the two groups were performed unadjusted with Fisher's exact test for dichotomous variables, the MantelHaenszel chi-square test for ordered categorical variables, Fisher's nonparametric permutation test for continuous variables and Pearson's chisquare test for non-ordered categorical variables. For dichotomous outcome variables, 95% CIs were calculated for the difference in proportions. Complementary analyses for primary and selected secondary efficacy variables were performed on the FAS adjusted for the minimization variables (data not shown).
Continuous variables are described with the mean, SD, median, minimum and maximum and categorical variables with number and percentages. All significance tests were two-sided and conducted at the 5% significance level. For correlation analysis between AMH and AFC Spearman's rank correlation coefficient (r s ) was used. For analysis of interobserver agreement regarding AFC the distribution of the difference between the raters, limits of agreement and intraclass correlation coefficient (ICC) were given. Wilcoxon Signed Rank test was used to analyse systematic differences between the two raters.
Results
A total of 383 patients were assessed for eligibility. The reasons for exclusion are listed in Fig. 1 .
Overall, 308 patients were randomized and 307 patients had at least one follow-up measurement. One patient was randomized but never started treatment because of marital problems and she was excluded from the FAS population.
All the other 307 patients were included in the FAS population. We also performed a PP analysis, excluding 30 patients where dose adjustment did not follow the study protocol (25 patients) or where patients received the wrong starting dose (five patients). The PP analysis thus comprised 277 patients.
No significant differences were noted in baseline patient characteristics between groups (Table I) .
The treatment outcomes are summarized in Table II . There was no significant difference between the groups regarding the primary efficacy variable, rate of patients with 5-12 oocytes 81/152 (53.3%) versus 96/155 (61.9%) (P = 0.16, difference: −8.6, 95% CI: −20.3; 3.0). Similar results were seen in the PP analysis.
The number of cancelled cycles due to poor ovarian response was 7/152 (4.6%) and 4/155 (2.6%), respectively (P = 0.52), while no cycles were cancelled due to an excessive response. Significantly more cycles developed a poor response (<5 oocytes) in the AMH group, 39/152 (25.7%) versus the non-AMH group, 17/155 (11.0%) (P < 0.01).
An excessive response (>12 oocytes) was achieved in 32/152 (21.1%) and 42/155 (27.1%), respectively (P = 0.27). Moderate or severe OHSS was observed among 5/152 (3.3%) and 6/155 (3.9%) patients, respectively (P = 1.0) and OHSS-prevention strategies were implemented in 6/152 (3.9%) and 12/155 (7.7%) in the AMH and non-AMH groups (P = 0.24).
Live birth rate was 48/152 (31.6%) and 42/155 (27.1%) per started cycle and 35.3 and 30.4% per embryo transfer.
More than 95% of the patients in this study had a SET. When dividing the patients according to the starting dose, low dose (75-100 IU), normal dose (150 IU) or high dose (225-300 IU), no significant differences between AMH and non-AMH groups in the distribution of oocytes were noted (Fig. 2) .
A correlation analysis between AMH and AFC showed a significant correlation, r s = 0.70 (P < 0.0001).
Analysis of the inter-observer agreement regarding AFC showed a high ICC = 0.94. The mean difference between the raters was −2.30 (SD = 5.50, range: −17; 3), limits of agreement (−13.1 to 8.48). No significant difference (P = 0.17) in AFC was found between the two raters.
In a post hoc analysis of all patients in the AMH group we investigated how many patients that would have had a different starting dose if AMH had not been included in the algorithm. In total 69/152 (45%) patients would have had a higher dose, 52/152 (34%) the same dose and 26/152 (17%) a lower dose. Thus a large proportion of patients Cancelled cycles due to poor ovarian response 7 (4.6%) 4 (2.6%) 0.52 2.0 (−2.8; 6.8)
Cancelled cycles due to excessive response 0 (0.0%) 0 (0.0%) 1.00
Cancelled cycles other reasons 0 (0.0%) 0 (0.0%) 1.00
Severe or moderate OHSS 5 (3.3%) 6 (3.9%) 1.00 −0.6 (−5.4; 4.2)
OHSS-prevention strategies (coasting and/or freezing of all embryos) 6 (3.9%) 12 (7.7%) 0.24 −3.8 (−9.7; 2.1) Coasting 3 (2.1%) 7 (4.6%) 0.37 −2.6 (−7.3; 2.2)
Freezing of all embryos due to excessive response 3 (2.0%) 6 (3.9%) 0.52 −1.9 (−6.3; 2.5)
Severe or moderate OHSS/OHSS and/or prevention strategies 9 (5.9%) 16 ( 
Discussion
This randomized trial, comparing an individual dosage regimen for rFSH including AMH versus a non-AMH dosage regimen in an unselected patient population, showed that AMH did not alter the number of patients achieving the targeted ovarian response, defined as 5-12 oocytes. Significantly more patients achieved a low ovarian response in the AMH group, while the number of patients with cancelled cycles due to a poor response did not differ. There were no significant differences in the rates of OHSS or OHSS-prevention strategies between groups.
When dividing the patients according to starting dose, no significant difference in the distribution of oocytes was found between the randomized groups, indicating that the failure of AMH to improve the distribution of oocytes was a general phenomenon and not only observed for a certain category of patients.
These results might be unexpected in view of the strong support during the last decade for AMH in predicting ovarian response during COH (La Marca et al., 2010; Broer et al., 2013; La Marca and Sunkara, 2014; Iliodromiti et al., 2015) . Among published randomized studies, where an algorithm for dosage has been used compared with a fixed standard dose (Popovic-Todorovic et al., 2003b; Olivennes et al., 2015) or where two different doses have been compared in a population defined by ovarian reserve markers (Lefebvre et al., 2015; Jayaprakasan et al., 2010 , Klinkert et al., 2005 , only the study by Popovic-Todorovic showed an advantage from individualised dosage.
In a very recent study (Nyboe-Andersen and Arce, 2016), published as an abstract at ESHRE 2016, a large group of women were randomized to either a group receiving treatment based on an individualised dosage algorithm, including AMH and body weight and being given a newly developed human rFSH (follitropin delta), or a group using a standard dose and follitropin alfa. Similar ongoing pregnancy rates were noted, while the individualised dosage regimen yielded more patients with an appropriate ovarian response and a reduced OHSS risk.
In another large trial (van Tilborg et al., 2012) and also published at ESHRE 2016 , including patients predicted as poor responders according to AFC, individualised gonadotropin dosage did not improve live birth rates compared with standard treatment, even though a lower cancellation rate depending on poor ovarian response was noted. In the same trial, studying patients predicted as high responders , individualised dosage did not improve live birth rates. A higher cancellation rate was noted in the individualised group, plus lower rates of mild and moderate OHSS, while the occurrence of severe OHSS was unaffected.
The choice of control group is extremely important in all randomized trials. A demonstration of superiority for an intervention is usually interpreted as an effect of that particular intervention, but it might also be an effect of inferior performance in the control group. In the present study, we chose a control group using an individualised dosage algorithm including AFC. We think this more accurately reflects usual care than a control group with standard dosage for ovarian stimulation. AFC and age are commonly used in clinical practice today for dosage of rFSH and this is well supported in the literature (Hsu et al., 2011; Broekmans et al., 2006) . The use of AFC has naturally also been facilitated by the rapid development of ultrasound equipment. The choice of this kind of control group was of particular interest in the present study, performed in an unselected population, including poor and high responders, as well as PCO patients. When evaluating predictors of ovarian reserve, the strength of AMH includes cycle-and investigator independence and stability, while limitations include the presence of different assays, translational issues between assays and lack of international standards on cut off levels. The strength of AFC is that it is usually included in gynaecological and sonographic evaluation before IVF is performed and thus without additional costs. The main weakness is the inter-observer variation.
In addition to the randomized design, the strength of the present study is the unselected population, which better reflects usual care, giving high generalizability to the study.
The main limitation is that the study was not powered for live birth.
In conclusion, this randomized trial, comparing an individual dosage regimen for rFSH including AMH versus an individual non-AMH dosage regimen in an unselected patient population, did not show any benefit for the intervention group in oocyte distribution, or in the cancellation rate due to poor response or the occurrence of moderate/severe OHSS. A high live birth rate was achieved in both groups after almost exclusive use of SET.
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